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Substrate/semiconductor interface effects on the emission efficiency of luminescent polymers Eralci M. Theré zio, 1,a) The importance of interface effects for organic devices has long been recognized, but getting detailed knowledge of the extent of such effects remains a major challenge because of the difficulty in distinguishing from bulk effects. This paper addresses the interface effects on the emission efficiency of poly(p-phenylene vinylene) (PPV), by producing layer-by-layer (LBL) films of PPV alternated with dodecylbenzenesulfonate. Films with thickness varying from $15 to 225 nm had the structural defects controlled empirically by converting the films at two temperatures, 110 and 230 C, while the optical properties were characterized by using optical absorption, photoluminescence (PL), and photoluminescence excitation spectra. Blueshifts in the absorption and PL spectra for LBL films with less than 25 bilayers (<40-50 nm) pointed to a larger number of PPV segments with low conjugation degree, regardless of the conversion temperature. For these thin films, the mean free-path for diffusion of photoexcited carriers decreased, and energy transfer may have been hampered owing to the low mobility of the excited carriers. The emission efficiency was then found to depend on the concentration of structural defects, i.e., on the conversion temperature. For thick films with more than 25 bilayers, on the other hand, the PL signal did not depend on the PPV conversion temperature. We also checked that the interface effects were not caused by waveguiding properties of the excited light. Overall, the electronic states at the interface were more localized, and this applied to film thickness of up to 40-50 nm. Because this is a typical film thickness in devices, the implication from the findings here is that interface phenomena should be a primary concern for the design of any organic device. The development of applications using organic semiconductors in large area, flexible color displays requires fundamental understanding of the luminescence processes [1] [2] [3] in the basic element of the devices, namely the polymer light emitting diode (PLED). A PLED has an active layer with typically 100 nm thickness, 4 whose emission efficiency depends on the synthesis route, ultrathin film processing, and electrode/polymer and polymer/polymer interfaces. 5, 6 Following the discovery in 1989 by Burroughes et al. 7 of the electroluminescence in a single PLED structure with the architecture indium tin oxide/poly(p-phenylene vinylene)/ aluminum (ITO/PPV/Al), substantial progress has been achieved in PLED technology. The progress on lifetime, stability, and emission efficiency was mainly due to the synthesis of novel conjugated polymers, such as PPV derivatives and polyfluorenes, and the use of multilayered device architectures. For the multilayers, several steps were taken to improve efficiency. The first was the use of electrodes for injecting electrons which had lower work functions, such as calcium (Ca), to be compatible with the lowest unoccupied molecular orbital energy of conjugated polymers based on aromatic monomers. In the second step, a single hole-transport layer with $50 nm was introduced in the architecture. The best-known example is the deposition of a layer made with the blend of poly-(3,4-ethylenedioxythiophene):poly-(styrenesulfonate) (PEDOT:PSS) between the transparent ITO electrode and the active polymer layer. This increased the conductivity by decreasing the energy barrier between the electrode and the polymeric layer. 8 Another approach was proposed by Yang and Heeger with polyaniline (PAni) used as the transparent anode in an ITO/PAni/poly [2-methoxy-5-(2 0 -ethylhexyloxy)-1,4-p-phenylene vinylene] (MEH-PPV)/Ca diode. 9 The performance of the device increased by 30%-40% and the operating voltage decreased by 30%-50%. Similar results were obtained for ITO/poly (o-methoxyaniline) (POMA)/PPV/Al and ITO/PAni/PPV/Al multilayer devices using the layer-by-layer (LBL) 10 and the in situ polymerization methods, 11 respectively. Multilayer devices were also used to produce blue emission with efficiency of 5.5% (9.1 cd/A). The device architecture was ITO/ PEDOT:PSS/EBL/EML/cathode structure, where EBL was an electron blocking layer (poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4 0 -(N-(4-sec ybutylphenyl)) diphenylamine)]), EML was the emission layer LUMATION BP105, and the cathode was LiF/Ca/Al. 12 Similar effects were observed by Wu and Hu 13 where the spin-orbital coupling near the substrate/polymer interface was altered. The first polymer reported to be luminescent, PPV, 7 is no longer competitive in terms of device efficiency. However, it is still useful for fundamental studies, especially because it is amenable to form LBL films with high control of film thickness.
14 PPV films can be processed via soluble precursor polyelectrolyte poly(xylylidene tetrahydro-thiophenium chloride) (PTHT) and thermally converted at moderate temperatures ($200-300 C). 15 The thermal elimination at high temperature of the lateral groups, tetrahydro-thiophenium, of PTHT causes undesired consequences for the PPV matrix. The main problem is thermo-oxidation, which introduces structural defects along the polymer chain. Defects such as carbonyl groups reduce substantially the photo-and electroluminescence efficiency of the active layer. This difficulty has been circumvented with an alternative synthesis route, 14 in which dodecylbenzenesulfonate (DBS) was used as the PTHT counterion during the LBL film fabrication. With this new route, thermal conversion into PPV may be performed at significantly lower temperatures, e.g., 110
C, also reducing the oxidation-induced defects. But perhaps the main advantage in using the LBL technique is the possibility to control energy transfer in the film with considerable precision. 16, 17 Essential for this control is the possible tuning of the film architecture, both in terms of materials used and thickness of the layers.
In this paper we exploit the LBL technique to produce PPV/DBS films with different thicknesses with the main aim of investigating interface effects, particularly at the substrate/polymer interface, on the emission efficiency of PPV layers. PPV was converted with two conversion temperatures, namely 110 and 230 C, to verify how changes in oxidative defects could affect emission. The films studied are essentially the same as in our previous paper, 18 but we employed further characterization strategies to determine the interface effects precisely, which was not possible in the earlier study. Indeed, in addition to studying the temperature dependence of the photoluminescence (PL) spectra and obtaining the photoluminescence excitation spectra (PLE), we include calculation of multireflection on the interfaces of excited light and a physical model that demonstrates the importance of interface effects.
II. EXPERIMENTAL
LBL films were obtained by dipping hydrophilic substrates (BK7 glass) alternately into PTHT and DBS solutions under the experimental conditions of Ref. 14, with PTHT/ DBS films being produced with 5, 25, 50, and 75 bilayers. These films were thermally converted into PPV/DBS LBL films at 110 and 230 C during 2 h under vacuum (10 À2 atm). The absorption spectra in the UV-Vis region were measured with a spectrometer Shimadzu UV-2501PC. PL and PLE at room temperature were obtained with a spectro-fluorimeter Hitachi F-4500. PL measurements for samples in a close helium cryostat at 10 À4 Torr, with temperatures varying from 15 to 300 K, were performed using an argon ion laser locked in the line 476 nm (5 mW). The signal was analyzed using a monochromator DIGIKROM DK480 equipped with a Hamamatsu R-446 photomultiplier tube in the lock-in mode. The film thickness was estimated with a Nanoscope V R IIIa Multimode TM atomic force microscope from Digital Instruments. The scanning was performed under ambient conditions, in the tapping mode, using a commercial Si cantilever with spring constant $ 20-100 N/m and free oscillation between 250 and 300 kHz. . All the spectra exhibited the nonlocalized PPV band assigned to the p!p * transition. Thick films with 75 bilayers displayed increased absorbance above 500 nm probably due to scattering. Two spectral regions were taken to represent long and short conjugated segments in the PPV molecule. The ratio between the absorbance intensity at 420 and 350 nm [A(420 nm)/A(350 nm)] was calculated for all samples, and is given in Table I . Considering the molecular model for PPV moieties as a statistical distribution (Gaussian) of conjugated segments along the main chain, 19 the values in Table I indicate a larger number of PPV segments with lower conjugation degree for five-bilayer LBL films, regardless of the annealing temperature. Above 25 bilayers the ratio is approximately constant. Another feature of the absorbance spectra is the spectral mass center, k SMC , calculated as
III. RESULTS AND DISCUSSION
where A(k) gives the dependence on k for the absorbance. Table I displays k SMC for the LBL films in the range between 350 and 530 nm, i.e., in the range of the p!p* transition. The main effect was again observed for the thin, five-bilayer LBL film, with k SMC being blueshifted in comparison to the absorption for the solution by $35 and $25 nm for the conversion temperatures 230 and 110 C, respectively. Above five bilayers the parameter k SMC did not change significantly, as it occurred for the A(420 nm)/A(350 nm) ratio. Furthermore, the number of PPV segments with low conjugation degree increased considerably-as shown by the blueshiftup to 25 bilayers. These results point to interface effects being important up to 25 bilayers, since 50-and 75-bilayer LBL films did not display a significant change in the PPV effective conjugation degree (see Table I ). Figure 1 (inset) shows a linear dependence between the absorbance at 420 nm and the number of bilayers, which means that the same amount of material was deposited in each layer, with a thickness of 3 nm per layer according to AFM measurements (not shown) 18 (see Table I ). The root-mean-square (rms) roughness (r rms ) increased with the number of bilayers, from 6 to 44 nm and from 4 to 25 nm for 5 and 75 bilayers, with films thermally converted at 230 and 110 C, respectively. Interestingly, the films converted at higher temperature (230 C) were thinner than those converted at 110 C with the same number of bilayers. This is associated with the vitreous transition temperature of PPV, viz. about 200 C, as a thermal treatment above this temperature affects the packing of the chains substantially.
Some of this characterization was already performed in our earlier paper, 18 but the data then obtained were not sufficient to determine precisely where polymer bulk properties should dominate. For example, the dichroic ratio (d) varied abruptly from 5 to 25 bilayers and the p-polarized emission varied linearly with the film thickness, and therefore no information could be obtained as to where interface effects were still important. As we shall show next, abrupt changes could be noted in the results reported here, then allowing us to probe the interface effects. Figure 2 shows the normalized photoluminescence spectra at room temperature for LBL PPV/DBS films thermally converted at 230 C [ Fig. 2(a) ] and 110 C [ Fig. 2(b) ]. The spectra were shifted vertically to facilitate visualization, and corrected to eliminate the effects of self-absorption using the formula from Ref. 20 . The most intriguing result is the change in emission intensity for the vibronic band at $550 nm in relation to the zero-phonon band at $510 nm. To quantify this change, we estimated the Huang-Rhys parameter (S) using multi-Gaussian fitting as described by Narwark et al.
21 Table II gives S for all samples. From the blueshift in the UV-Vis spectra in Fig. 1 , one infers that the effective conjugation degree of PPV chains decreased for thin films (<25 bilayers) and therefore the coupling of the electron vibrational modes increased due to the localization of electronic states. However, for five-bilayer LBL films the Huang-Rhys parameters are lower regardless of the thermal conversion treatment. This contradictory behavior for films with less than 25 bilayers indicates that the polymer at the interface has no sufficient free volume to change its conformation via vibrational modes, which causes the decrease in the parameter S. In other words, the PPV chains at the interface would be more "rigid." Then the excitation and emission can be taken as vertical transitions, where the molecular configuration does not change considerably for thin films. On the other hand, thick films exhibit bulk effects where the polymer follows its own dynamics, leading to an increasing effective conjugation degree for PPV, as denoted by the redshift in absorption in Fig. 1 and emission spectra in Fig. 2 . Consistent with this conclusion is that the Huang-Rhys parameter does not change significantly above 25 bilayers, as shown in Table II . In summary, interface effects play an important role in LBL films with less than 25 bilayers, regardless of the thermal conversion temperature.
Figures 3(a) and 3(b) display the photoluminescence intensity (area) in function of sample temperature between 15 and 300 K for LBL PPV/DBS films thermally converted at 230 and 110 C, respectively. The intensity of the PL spectra was normalized taking as unity the values for 15 K, and displays significant dependence on the sample temperature. The main difference in PL intensity between the two annealing temperatures occurs at 300 K for the thinnest films, with 5 and 25 bilayers. This is consistent with previous findings 14 where oxidative processes (mainly formation of C@O groups) were attributed to emission quenching centers for 20-bilayer LBL films. Unexpectedly, the maximum PL quenching of the bulk films is almost independent of the concentration of quenching centers. Considering the results presented here for the absorbance in Fig. 1 and emission in Fig.  2 , one may assume for thin films (i.e., at the substrate/polymer interface region) a decrease in the mean free path for the diffusion of photoexcited carriers and/or in the energy transfer efficiency. Even though all segments are excited simultaneously, the excited carriers near the interface migrate to the bulk through energy transfer between the polymer chains because PPV segments near the interface have smaller conjugation lengths than in the bulk (see Fig. 1 ). Moreover, the excited carriers have low mobility due to less accessible states to perform energy transfer. As a result, the emission efficiency depends on the concentration of structural defects, especially carbonyl groups produced during the conversion processes. When the number of bilayers was increased to 50 and 75 bilayers, the PL signal did not depend significantly on the PPV conversion temperature. In the latter cases the excited carriers have a long route from the interface to the film bulk to find PPV segments with higher conjugation degree, thus leading to the observed redshift in the absorbance and PL spectra when the number of bilayers increased.
In order to quantitatively investigate the temperature dependence for the PL intensity we modeled the emitting state population n with the following rate equation:
where g 0 is the excitation rate, s 0 is the total relaxation time related to all the temperature-independent processes (including the radiative relaxation and the downhill energy migration toward lower energy sites), and s(T) is the total decay time related to temperature-dependent processes.
Assuming that the quenching from nonradiative defects is enhanced by uphill energy migration, which is typically thermally activated, s(T) is taken as
where E a is the energy migration activation energy, k is the Boltzmann constant, and s act acts as a weight for the migration-trapping process. With these assumptions it is straightforward to show that
The experimental data can be fitted, as shown in Figs. 3(a) and 3(b), using the fitting parameters of Table III . From the latter parameters, one infers that: (1) the activation energy for energy migration increased with the conversion temperature from $10-18 meV, being basically independent of the thickness for both temperatures, (2) the temperature dependence for the PL intensity depends on the thickness mainly due to the change in the s 0 /s act ratio, which is similar for the two bulk samples at both temperatures, and (3) for all the film thicknesses investigated the sample converted at higher temperature displayed higher s 0 /s act . The following conclusions can be drawn from the above-mentioned observations. (1) As the activation energy is directly related to the broadening in the density of states, the increase in E a with the conversion temperature is consistent with a higher content of nonradiative defects in the sample converted at higher temperature, resulting in a broader distribution of conjugation lengths. (2) The increase in the defects density in the samples converted at higher temperature is also consistent with the higher values of s 0 /s act as this ratio increases with the trapping efficiency. Further proof of the lower probability of energy migration toward defects for the films with 5 and 25 bilayers, in comparison to those with 50 and 75 bilayers, was obtained from the analysis of the PLE spectra. Figure 4 shows the spectra normalized by the number of bilayers and monitored at 550 nm (k D ). Up to 25 bilayers, the PLE spectra had the same line shape as the absorbance spectra in Fig. 1 . This is confirmation of vertical transitions where the molecular configuration was not affected considerably at the substrate/ polymer interface. For a thick sample, the PL efficiency decreased if the energy of the excited photons was sufficiently higher than the energy migration toward defects, which is a typical feature of many conjugated polymers. A decrease in PL efficiency was observed for the thick samples (50 and 75 bilayers) thermally converted at 230 C [ Fig.  4(a) ] and 110 C [ Fig. 4(b) ], thus corroborating the abovementioned hypothesis. Then, at the substrate/polymer interface, the PL efficiency depends considerably on the carrier migration toward defects. The PLE line shape for 25-layer LBL films became similar to that of a 50-layer film, which may indicate the interface boundary for the substrate/polymer bulk. Therefore, we may assume that $ 40-50 nm is the maximum film thickness for which the substrate/polymer interface plays an important role.
Finally, one has to consider whether the above-inferred interface effects could not simply be due to the waveguide properties of thin films. 22 In order to verify the interference effects in the active layer (PPV film) owing to the multireflection on interfaces of the excited light, we shall consider an incident electromagnetic wave plane [Eq. (5)] with the wave parallel to the axis z from vacuum to the polymer/glass film direction, vector a þ ib ð Þẑ, absorption coefficient b, wavenumber a, and frequency x, Figure 5 shows the schematic diagram for the reflection of the excitation light along the vacuum/polymer/glass/vacuum layers. The incidence angle was chosen different from zero for better visualization. The reflection at the interfaces can be calculated from the usual equation 23 :
where n i and n j are the refraction indices of media i and j, respectively, with R ij ¼ R ji . For Fig. 5 , the limits of reflection coefficients are 0.067 R 12 0.155, 0.004 R 23 0.044, and R 34 ¼ 0.477.
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The total electric field along the axis z can be calculated asẼ
Due to the lower reflection coefficients R 21 and R 23 , the quadratic or higher order terms in Eq. (7) are neglected; with R ij R i 0 j 0 % 10 À3 , for example, 0.0003 R 21 R 23 0.0068. We also neglect the excited light reflected at the substrate/vacuum interface, because the intensity of the transmitted light from the substrate/polymer decreases substantially due to the product of reflection coefficients, similar to the previous consideration. The total electric field along the active layer can be approximated as:
while the excitation light intensity along the axis z is IðzÞ ¼Ẽðz; tÞ 
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Again, considering the second term lower than the third one, there is light interference along the layer due to multiple reflections of excited light in the vacuum/polymer and polymer/substrate interfaces. The intensitye ÀbL 0 R 23 can be estimated for the third term in Eq. (9) . In the range 0.004 R 23 0.044 and for the absorbance in the wavelength of excitation, Fig. 1 , bL 0 $ 0.016-1.088, e ÀbL 0 R 23 is 0.001 e ÀbL 0 R 23 0.043. For thinner films it is 2 orders of magnitude smaller than the first term in Eq. (9) . Therefore, we can be sure that for films on substrates with small reflection coefficients n $ 1.5 (e.g., glass or quartz), the interference due to multireflection of excited light is not significant, i.e., the Beer-Lambert law is valid. In conclusion, the interface effects discussed here cannot be attributed to multireflection arising from interference of the emitted light.
IV. CONCLUSIONS
The study of the thickness effect on the emission efficiency of LBL PPV/DBS films allowed us to infer important implications for organic devices. First, at the interface the electronic states are more localized, leading to an enhanced interaction with defects, which lowers the efficiency. This amounts to an experimental confirmation that surface states should be passivated in order to increase the efficiency of PLEDs, 3 as observed empirically upon depositing PEDOT/ PSS, POMA, or PAni layers on the electrode, [8] [9] [10] [11] or when plasma treatment is used. 4 Most important, in this paper we could determine precisely that interface effects are important for films up to 25 bilayers, corresponding to a thickness of 40-50 nm. This was obtained by investigating the temperature dependence of the PL spectra and the PLE spectra. Next the substrates there are more localized states, the charge diffusion processes should prevail, with a decrease in energy transfer as there are less electronic states accessible for transfer. The smaller number of accessible states may be explained by the "rigid" conformation of the molecules at the interface. That is to say, the molecules cannot have their conformation changed, thus limiting the vibration states that are accessible, e.g., the Förster-type energy transfer. 27 Significantly, the physical model proposed here shows that interface effects take place up to 40-50 nm for polymer films deposited onto quartz solid substrates, which is a typical thickness used in OLEDs. It is clear, therefore, that interface phenomena should be taken into account for the design of any device based on semiconducting thin films.
